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SUMMARY

BACKGROUND

In January 2020, the GMAO introduced the shortwave component
(SW) of the radiative transfer module RRTM for global climate
model (GCM) applications (RRTMG; lacono et al., 2008) into the
GEOS-FP (forward processing) analysis and prediction system. This
inclusion completes the long-term plan to transition from the
Chou-Suarez to the RRTMG radiation codes. RRTMG is an efficient,
actively maintained, modern and flexible code base better adapted
for future model development.

The initial implementation of RRTMG_SW, in GEOS-5.25p3,
resulted in a cold bias in stratospheric temperatures when
compared to both independent observations and the previous
GEOS-FP system (GEOS-5.22). Adjustments introduced in GEOS-
5.25p5 resulted in improved radiative heating rates in the 200-
263nm spectral band, primarily impacted by ozone and oxygen
heating in the stratosphere and lower mesosphere. This upgrade
substantially improved the analyzed and predicted temperatures in
the stratosphere of the GEOS-FP system and GEOS-5.25p5 became
the production system in April 2020.

Radiative transfer is one of the most important atmospheric
processes. This report summarizes the changes made to the solar-
heating code in Version 5.25 of the GEOS Model. The Chou-Suarez
heating code used in prior versions of GEOS-5 has been replaced by
the RRTMG solar heating modules as part of the GMAQ’s endeavor
to upgrade the entire suite of physical parameterizations in the
model. This report describes how problems encountered during
development and implementation were resolved.
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Introduction

The NASA Global Modeling and Assimilation Office (GMAO) is transitioning the Global
Earth Observing System (GEOS) model to include contemporary representations of all
processes with code bases designed to run efficiently on modern high-performance
computing platforms. This includes a transition from the long-standing Chou-Suarez
radiation parameterizations (Chou and Suarez, 1999; Chou et al.,, 2001) to the more
modern, flexible RRTM for GCM applications (RRTMG) parameterizations (lacono et al.,
2008). RRTMG parameterizations are expected to be faster for more vertical levels and to
have continued community support. The RRTMG longwave (LW) code was implemented
in GEOS-FP with the upgrade to GEOS-5.21 in July 2018. The RRTMG shortwave (SW) code
was introduced into GEOS-FP with the transition to GEOS-5.25p3 in January 2020 and
updated with the adoption of GEOS-5.25p5 in April 2020. Other changes introduced with
the GEOS-5.25 systems include upgrades to the Catchment land-surface modules (Koster

et al., 2020) and new representations of clouds and turbulence.

The RRTMG Radiation Code

The stand-alone RRTM code is developed and maintained by Atmospheric and
Environmental Research Inc. (AER) (Clough et al., 2005; Mlawer et al., 1997). RRTM
utilizes the correlated k-distribution approach to accurately and efficiently calculate
fluxes and heating rates. It uses g-point absorption and extinction coefficient
interpolation tables derived directly from AER’s line-by-line radiative transfer model
(LBLRTM) with up-to-date and validated spectroscopy (e.g., Clough et al., 2005; Alvarado
et al., 2013; Mlawer et al. 2019). In the LW (10-3250 cm™), RRTM uses 16 spectral bands
with 16 g-points in each band; in the SW (820-50000 cm) it uses 14 such bands. This
amounts to 256 monochromatic calculations in the LW and 224 in the SW. The flux
accuracy of RRTM compared with LBLRTM is < 1.5 W/m? in LW and < 1 W/m? (direct)
and < 2 W/m? (diffuse) in the SW. The LW molecular absorbers are water vapor, carbon
dioxide, ozone, nitrous oxide, methane, oxygen, nitrogen, and halocarbons. The SW
sources of extinction are water vapor, carbon dioxide, ozone, nitrous oxide, methane,
oxygen, aerosols, and Rayleigh scattering. The Chou-Suarez SW parameterization does

not include nitrous oxide and methane heating.

The GCM version of RRTM, named RRTMG, reduces the number of g-points to 140 and
112 in the LW and SW, respectively, to improve efficiency with minimal impact on
accuracy. The LW flux accuracy compared with LBLRTM is < 1.5 W/m?; the SW flux
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accuracy compared RRTM is S 3 W/m2. Accuracy is improved in some spectral bands in
the LW code by replacing the standard diffusivity angle (secant 1.66) used for angular
integration with a diffusivity angle that varies with total column water vapor. The SW code
uses a two-stream algorithm to perform scattering calculations. For gas optics, the
essence of the correlated k-distribution method is interpolation of the absorption
coefficients for each g-point to the GCM layer temperature and pressure using large look-
up-tables derived from the LBL calculations. In bands where there is a mixture of two
major absorbing gases with overlapping spectra, the code uses an additional interpolation

dimension based on the ratio of concentrations of the two gases.

RRTMG uses the McICA (Monte-Carlo Independent Column Approximation; Pincus et al.,
2003) to integrate over sub-grid-column optical variability. Cloud properties can vary
greatly at the unresolved sub-grid-column scale of a GCM, and the radiative effect of
clouds is strongly non-linear. A common way to estimate the grid-scale mean radiative
effect is to generate a set of statistically representative “sub-columns,” or pixels,
consisting of binary clear/cloudy sub-grid cells with homogeneous properties. However,
running the full radiation parameterization on each sub-column is prohibitively expensive.
The McICA method employed by RRTMG distributes the sub-columns randomly among
the many g-points, effectively absorbing the subcolumn dimension cost into the spectral
integration but adding statistically unbiased noise over the spatial and temporal sampling

provided by a dynamical model.

The cloud overlap assumptions used by Chou-Suarez and RRTMG also differ. Chou-Suarez
uses a cloud-fraction-only overlap with maximum overlap in low-, middle-, and high-
pressure bands and random overlap between them. RRTMG uses the considerably more
sophisticated “generalized” (exponential) overlap scheme of Radisdnen et al. (2004), which
includes exponential decorrelation in both cloud mask and condensate. The particular
implementation, which includes latitude and seasonal variations in decorrelation length

scales, is discussed in depth in Oreopoulos and Norris (2011) and Oreopoulos et al. (2012).

In addition, the RRTMG SW code includes a parameterization of the NRLSSI2 (Naval
Research Laboratory Solar Spectral Irradiance) model (Lean and Woods, 2010) for solar
input. This includes secular and spectral solar variability from sunspot dimming and

facular brightening.
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The RRTMG in GEOS Models

The RRTMG LW code was adopted in GEOS-5.21, which became the production version
of GEOS-FP in July 2018. The RRTMG SW code was introduced into GEOS-FP in January
2020, when GEOS-5.25p3 replaced GEOS-5.22p2 as the production system. GMAQ’s
testing and validation of the RRTMG SW code initially revealed a cold bias in stratospheric
temperatures compared to the Chou-Suarez SW code. However, given the GMAQ's
strategic pathway for model developments, this was not regarded as an obstacle to
making the change because the impact of the cold bias was outweighed by computation
benefits and improvements in tropospheric performance. Figure 1 shows the zonal-mean
SW heating rates in GEOS-5.25p3 are smaller than in GEOS-5.22p2 for December 2019.
The differences (Fig. 1c) highlight the weaker solar heating in the newer system, with
heating rate differences peaking at about -2 K/day near the summer polar stratopause (1
hPa near 90°S) and a modest additional warming peaking near 3 hPa. The differences
decrease further away from the summer pole, where the solar insolation is the largest,

and disappear near the terminator where there is no solar heating in December.

Following reports of a similar cold bias in the European Centre for Medium Range
Weather Forecasts (ECMWF) model, AER suggested tuning the variable LAYREFFR in the
shortest UV band (band 28, 200-263 nm) of RRTMG SW from its original value (58) to
values around 40. This variable can be understood in the context of the correlated k-
distribution method of RRTMG:

o The k-distribution method uses LBL-precalculated absorption tables k4(In p, T, n)
for each wavenumber band and each g-point in the band. Here n relates to the
ratio between the concentrations of the two major absorbers, which for band 28
are Oz and O;. The actual absorption coefficient for each model grid-box is

obtained by trilinear interpolation into these tables.

e RRTMG also requires specification of the input solar energy, S, into each g-point
for the model grid-column as a whole. However, the split of S between g-points
depends on the mix n of O3 and O,, which varies by layer. Hence, one
representative model layer is chosen to determine n and then S, by linear
interpolation into a pre-calculated Sy(n) table. That representative layer is the
model layer with pressure near pref (LAYREFFR), where pref is the RRTMG

table of reference pressures.
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The problem with the original LAYREFFR value of 58 is that it corresponds to a level at
the GEOS model top (0.01 hPa), well above the predominant layer of absorption in band
28. Choosing a LAYREFFR somewhere near 1 hPa, where the dominant absorption in this
band is occurring, is more physically meaningful. The pref values for our GMAO test
cases, with LAYREFFR of 35, 40, and 45, correspond to pressures of about 1.17, 0.43, and
0.16 hPa, respectively. All three test cases improved the SW heating rate profile
significantly from the original LAYREFFR of 58, but the value 40 produced the greatest

overall improvement.
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[Ultimately it’s not pref (LAYREFFR) that matters, but the O3/0, mix associated with
that pressure. So, if n does not vary much around 1 hPa, a big difference between
different LAYREFFR will not be seen around that pressure. It should also be noted that
only one pref (LAYREFFR) for band 28 of RRTMG can be selected. If that pressure varied
significantly with season, it might be necessary to specify a seasonal cycle for LAYREFFR.
In fact, the very small seasonal variation in the peak absorption height in this band does

not warrant this.]

Concurrent with the GMAO tests, AER conducted its own study and released a new
RRTMG SW version v4.10, with a tuned band 28 LAYREFFR of 42. This updated RRTMG
release also fixed a minor issue related to the consistent treatment of Rayleigh scattering
between RRTMG and the line-by-line code LBLRTM that determines its absorption
coefficient tables. Therefore, RRTMG SW v4.10 was adopted in GEOS-5.25p4, where it
reduced the shortwave heating bias to approximately -0.4 K/day with respect to the
MERRA-2 reanalysis (Fig. 2). These improved heating rates are also in much closer

agreement with those from the Chou-Suarez code used in earlier GEOS model versions.

As further demonstration of the benefits of the updated RRTMG SW v4.10, Fig. 3 shows
the analyses and forecasts of 1 hPa Southern Hemisphere Extratropical temperature
made using GEOS-5.25p3 and GEOS-5.25p4. The clear drift toward colder temperatures
over the five-day forecast duration using the original RRTMG SW version (Fig. 3a) is
substantially reduced with the updated version (v4.10; Fig. 3b), and the 1 hPa
temperature in the analyses is several tenths of a degree warmer when the updated
RRTMG SW code is used.
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Figure 3. Time series of southern hemispheric (80°-20°S) temperature at 1 hPa in the GEOS analyses, shown
every six hours, and in daily five-day forecasts using GEOS-5.25p3 (top) and GEOS-5.25p4 (bottom). The top
plot is the GEOS-FP version introduced in January 2020 and the bottom plot uses the same RRTMG SW version
as the replacement GEOS-FP introduced in April 2020.

Summary and Future Work

The original implementation of RRTMG SW in the GEOS-FP (Version 5.25p3) led to a large
decrease in radiative heating rates in the upper stratosphere, when compared with earlier
GEOS systems that use the Chou-Suarez solar code (e.g., Version 5.22p2). The decreased
heating rates resulted in GEOS analyses having a colder stratopause than in earlier GEOS-
FP systems. Forecasts using GEOS-5.25p3 showed a rapid cooling of several degrees over
five days, leading to large cold biases in forecast temperatures (Fig. 3). Retuning of the
200-263nm spectral interval in RRTMG SW substantially reduced the low bias in solar
heating rates. Implementation of Version 4.10 of RRTMG SW into GEOS-5.25p4 and p5
reduced the observed heating rate bias, which in turn led to analyzed temperatures in the
upper stratosphere agreeing more closely with those in earlier GEOS versions and

eliminated the rapid drift in forecast temperatures in the upper stratosphere.
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The updates introduced into GEOS-5.25p4 were combined with other changes (to the
convection parametrization) in GEOS-5.25p5. GEOS-5.25p5 replaced GEOS-5.25p3 as the
GMAOQ’s GEOS-FP production system in April 2020.

An additional difference between the Chou-Suarez and RRTMG SW codes is that while
RRTMG does not consider wavelengths lower than 200nm, the Chou-Suarez code extends
down to 175nm. The small amount of missing solar energy in the 175-200nm range (~0.08
W m2) could account for less heating in the Schumann Runge bands of molecular oxygen
in GEOS-5.25 than in GEOS-5.22. This absorption peaks much higher in the atmosphere
(around 100 km) and has negligible effect (< 0.1 K/day) around 1 hPa. Spectral variations
in solar output at these short wavelengths are, however, known to be important for
determining ozone variations and solar heating rates in the mesosphere and may be
needed for some GEOS-based studies of upper stratospheric processes. AER is currently
working on adding a band to RRTMG SW that will extend below 200 nm to include this UV
oxygen absorption and other processes relevant to the upper stratosphere and lower

mesosphere. GMAO expects to implement these changes when they are released.
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